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A three-orbital model derived from the two-dimensional projection of the ab initio Hamiltonian
for alkaline doped fullerene A3C60 with A=Cs,Rb,K is studied by a variational Monte Carlo method.
We correctly reproduce the experimental isotropic s-wave superconductivity around the ab initio
parameters. With narrowing the bandwidth, the transition to an insulator is also reproduced, where
orbital symmetry is found to be spontaneously broken with emergence of an excitonic Mott insulator
for two orbitals and an antiferromagnetic insulator nearly degenerate with a spin liquid for the third
orbital. The superconductivity is a consequence of exciton melting.
PACS numbers: 74.20.Pq, 74.70.Wz, 75.10.Kt
Introduction.–High critical temperature (high-Tc) su-
perconductivity induced by strong electronic correlations
is one of the central topics in condensed matter physics
and it has been intensively studied since its discovery in
a family of cuprate compounds [1–3], where crucial role
of strong electron correlations are prominent in various
aspects. Recent discovery of the high-Tc superconductiv-
ity in the iron-based superconductors [4], where the five
iron 3d orbitals contribute to the low-energy degrees of
freedom, renewed the interest of the multi-orbital effects
on the high-Tc superconductivity. Multi-orbital physics
such as Hund’s physics as well as the orbital differentia-
tion was proposed to play essential roles for understand-
ing the normal state properties [5–7] and superconduc-
tivity [8].
In the alkali-doped fullerides A3C60 (A=K, Rb, Cs),
low-energy physics is also described by degenerate or-
bitals — each alkaline atom donates one electron to the
three-fold degenerate lowest unoccupied molecular or-
bital with the t1u symmetry at the fullerene atom. Thus
the three t1u orbitals become half filled on average.
The unique feature of the solid A3C60 in comparison
to the above cuprates and the iron-based superconduc-
tors is a small band width (∼ 0.7 eV) ascribed to small
overlap of molecular orbitals each at the neighboring
fullerene atoms, while the largest Jahn-Teller Hg phonon
frequency coupled to the t1u orbitals is comparable and
as large as 0.2 eV. It makes the role of phonons substan-
tially large. The discovered superconductivity with the
highest Tc ∼ 40K is believed to have the isotropic s-wave
symmetry supporting the crucial role of phonons [9–14].
The superconductivity is, however, found next to the
Mott insulator, suggesting the role of electron correla-
tion as well. In addition, the superconductivity is found
when the three orbitals are half-filled, in sharp contrast
to the cuprates and iron-based superconductors, where
typically the carrier doping into half filled bands is re-
quired for the superconductivity.
It was proposed that the relatively strong Jahn-Teller
electron-phonon coupling in the alkali-doped fullerides
leads to an effectively negative (inverted) Hund’s rule
coupling (IHRC) [15, 16]. By analyzing a degenerate
three-orbital model with the IHRC with the dynamical
mean-field theory (DMFT), Capone et al. showed that
the IHRC actually induces the isotropic s-wave high-Tc
superconductivity [15]. Recently, quantitative evaluation
of the interaction parameters including the IHRC from
ab initio calculations has been done [17]. By solving the
obtained ab initio Hamiltonian with the extended DMFT
(E-DMFT), calculated critical temperatures were shown
to be consistent with the experimental results.
In general, superconductors with Tc relatively high in
the ratio to the energy scale of electron band width is
found exclusively in strongly correlated systems and their
small coherence lengths require serious account of spa-
tial correlation effects, while DMFT does not consider
them. Furthermore, severe competitions with magnetic
and charge orders known in the cuprates and the iron-
based superconductors urge us to seriously examine the
spatial correlation and fluctuation effects.
In this Letter, we employ the many-variable variational
Monte Carlo (mVMC) method [18–20] to take account
of both spatial and quantum fluctuations. We first an-
alyze the two-dimensionally projected ab initio Hamil-
tonian for the face-centered-cubic alkali-doped fullerides
(fcc-Cs3C60). Then, to capture the essence of the su-
perconductivity, we also analyze simplified three- and
two-orbital models on triangular and square lattices, re-
spectively, in which each orbital has transfer in only one
direction and forms one-dimensional chains in each tri-
angular bond direction and they interact with each other
only at the same site.
We reveal the conditions for enhancing superconduc-
tivity: First a realistic unique three-orbital structure,
2FIG. 1: (color online). (a) Two-dimensional projection of the
fcc lattice. (b) Distance dependence of the superconducting
correlation P1s,ν(r) for several different inter-orbital Coulomb
interactions (U ′ = 5, 10, 15, 20) and J = −0.5. Superconduct-
ing correlations do not depend on orbitals. (c) Inter-orbital
Coulomb interaction U ′ dependence of the averaged super-
conducting correlations P¯1s,0 for several J . (d) Doping depen-
dence of the chemical potential µ for U ′ = 20 and J = −0.5.
Here, µhalf is the chemical potential at half filling . The am-
plitude of the charge gap ∆c is denoted by arrow. Because the
first-order phase transitions between orbital-polarized phase
and the superconducting phase occurs at finite doping re-
gion (see [21], S.2), µ has kinks around the first-order phase
transition [22]. To perform the Maxwell’s construction, we fit
µ by linear functions shown by the lines. Then, by using the
fitted linear functions, we perform the Maxwell’s construction.
Broken lines shows the results of the Maxwell’s construction.
where the electronic transfer at each nearest-neighbor
atomic bond is governed by only one orbital-diagonal
transfer, depending on the bond direction, is important
to reproduce the s-wave superconductivity in the realistic
parameter region. The superconductivity is replaced by
the excitonic Mott insulator with antiferromagnetic order
in the strong coupling region near the ab initio parame-
ters and replaced by excitonic insulator without antifer-
romagnetism in the two-orbital model. The superconduc-
tivity is universally stabilized through the melting of the
excitonic insulators realized by the carrier doping. The
excitonic insulator is the mother state of the supercon-
ductivity in the multi-orbital models with the IHRC and
offers the clue for obtaining higher-Tc superconductivity
in fullerides and/or other multi-orbital systems with the
IHRC.
Model and Method.–We first study three-orbital low-
energy ab initio Hamiltonian for triangular-lattice cross
section of fcc-fullerides, which is defined by
H=
∑
i,j,ν,σ
tij(c
†
iνσcjνσ + h.c.) + U
∑
i,ν
niν↑niν↓
+U ′
∑
i,ν>µ
niνniµ + Jex
∑
i,ν<µ,σ,τ
c†iνσc
†
iµτ ciντ ciµσ
+Jpair
∑
i,ν<µ,σ,τ
c†iνσc
†
iντ ciµτ ciµσ, (1)
where c†iνσ (ciνσ) is the creation (annihilation) operator
on the νth orbital with spin σ at ith site and niνσ =
c†iνσciνσ and niν = niν↑ + niν↓ are the number operator.
The transfer integrals tij in the fullerides are given
by 3×3 matrices [23]. Although the ab initio Hamilto-
nian is defined on the fcc lattice, to reduce the numerical
cost, we project fcc lattice into the triangular lattice [see
Fig. 1(a)], i.e., we only consider [1,0,1], [-1,1,0], [0,1,1]
vectors in the fcc lattice and regard them as [1,0], [0,1],
[1,1] vectors in the triangular lattice. (The triangular lat-
tice is represented by mapping to the square lattice with
diagonal bonds in one direction.) In this study, we take
only nearest-neighbor transfer integrals (in the original
triangular lattice representation) because the amplitudes
of the next-nearest-neighbor transfer integrals are small.
The matrices of the hopping integrals are given as
T01 =


F3 0 F2
0 F4 0
F2 0 F1

 , T10 =


F1 −F2 0
−F2 F3 0
0 0 F4

 , T11 =


F4 0 0
0 F1F2
0 F2F3

 .
(2)
In this study, we use the ab initio parameters for fcc-
Cs3C60, which shows maximum Tc, denoted by fcc-
Cs(V opt−SSC ) in the literature [23]. In fcc-Cs(V
opt−S
SC ),
F3 is 0.0372 eV and we take this value as energy unit.
Other hopping parameters are given as F1/|F3| ∼ 0.07,
F2/|F3| ∼ −0.80, F4/|F3| ∼ −0.32.
According to the ab initio calculations [17], interaction
parameters that is renormalized by the electron phonon
interactions are estimated as U ′/|F3| ∼ 22.20, U/|F3| ∼
23.04, and J = Jex = Jpair with J/|F3| ∼ −0.43. They
nearly satisfies the rotational symmetry, i.e., U = U ′ +
2J . In our calculations, we systematically monitor the
interaction parameters with the constraint U = U ′ + 2J
around the above realistic parameter region. We take
Nall = Ns × Norb sites with periodic-periodic boundary
conditions, where Ns = L × L (Norb) denotes number
of sites (the number of orbitals). We define the electron
density as n =
∑
i,ν,σ niνσ/Nall.
In the mVMC method [18–20], the variational wave
function is defined as |ψ〉 = PGPJ|φpair〉, where PG
and PJ are the Gutzwiller factors [24] defined as PG =
exp(−∑i,ν gνniν↑niν↓) and the Jastrow factors [25,
26], defined as PJ = exp(− 12
∑
i,j,ν,µ vijνµniνnjµ), re-
spectively. The pair-product part |φpair〉 is the gen-
eralized pairing wave function defined as |φpair〉 =
3[∑Ns
i,j=1,ν,µ fijνµc
†
iν↑c
†
jµ↓
]Ne/2|0〉, where fij denotes the
variational parameters. For details of wave functions,
see Refs. 18, 20, 27, 28. In this Letter, we have 2 × 2 ×
Norb × Ns independent variational parameters for pair-
product part. All the variational parameters are simulta-
neously optimized by using the stochastic reconfiguration
method [18, 29]. The variational function |ψ〉 can flexibly
describe several phases such as correlated paramagnetic
metals, antiferromagnetic/charge-ordered phases and su-
perconducting phases as well as their coexistence.
Results.– First, we examine the stability of the
superconducting phase at half filling in the two-
dimensionally projected ab initio Hamiltonian (we call
this model full model). To detect the supercon-
ductivity, we calculate the isotropic s-wave supercon-
ducting correlations, which is defined as P1s,ν(r) =
1/2Ns
∑Ns
i=1〈∆†1s,ν(ri)∆1s,ν(ri+r)+∆1s,ν(ri)∆†1s,ν(ri+
r)〉, where ∆1s,ν(ri) = 1/
√
2(ciν↑ciν↓ − ciν↓ciν↑). We
also calculate the average value of P1s,ν(r) at long dis-
tance (|r| ≥ 4), which is denoted by P¯1s,ν . As shown in
Fig. 1(b), we find that the superconducting correlations
approach a nonzero constant value at long distance for
J = −0.5, U ′ ≤ 15. The size dependence of the satu-
rated value is small and this indicates that the supercon-
ducting phase is stable for U ′ ≤ 13. As we show later,
insulating phase competes with superconducting phase
and superconductor-insulator transition occurs around
U ′ ∼ 13.
Next, we systematically study the interaction depen-
dence. As shown in Fig. 1(c), the superconducting corre-
lations are largely enhanced by increasing J in the mod-
erately strong coupling region (U ′ ≤ 10). This result
indicates that the superconductivity is induced by the
Suhl-Kondo mechanism [30, 31]. The enhancement is
mainly induced by Jpair (see [21], S.1).
To analyze the nature in the strong coupling region,
the doping dependence of the chemical potential defined
by µ(N¯ ) = {E(N1)−E(N2)}/{N1−N2}, which is shown
in Fig. 1(d). Here, E(N1) is the total energy at filling N1
and N¯ = (N1+N2)/2. The insulating phase indicated by
the gap ∆c in µ appears in the strong coupling region.
In Fig. 2(a), we show U ′ dependence of energies for
the superconducting and insulating phases. The en-
ergy crossing indicates the first-order phase transition at
U ′ ∼ 12.8. Because the ab initio interaction parame-
ter is estimated as U ′ ∼ 22 [17], the insulating phase
looks overestimated on the triangular lattice. However,
this is naturally understood from the bandwidth (W )
of the triangular lattice, which is a half of the fcc lat-
tice. Since the ratio U/W primarily determines the
metal (superconductor)-insulator transition, the transi-
tion found at U ′ = 12.8 here corresponds to U ′ = 25.6
for the fcc lattice. Therefore the ab initio value U ′ ∼ 22 is
close to the transition but in the superconducting phase
in agreement with the experimental result. On the other
(a)
U’
n
ν = 0
ν = 1
ν = 2
ν
ν = 0
ν = 1
ν = 2
D ν
U’
E
/N
s 
- 
f(
U
’)
L=8
L=10
L=12
Insulator
SC (b)
-1.2
-0.8
-0.4
 0
 0.4
 10  11  12  13  14  15  16
 0
 2
 4
S1(q)×10
2
 1
qx/pi
 1qy/pi
 2  0
 2
 0
bulk
L=8
L=10
L=12
bulk
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 10  12  14  16  18  20
FIG. 2: (color online). (a) Inter-orbital Coulomb interac-
tion U ′ dependence of the energy for the superconducting
and insulating phases. We subtract the linear function f(U ′)
from the energies for better clarity. We estimate the ther-
modynamic limit of the energy by assuming the relation
E(L)/L2 = E(L = ∞) + a1/L
3, where E(L) denotes the en-
ergy for L×L system size. The first-order phase transition oc-
curs at U ∼ 12.8. In the inset, the spin structure factor in the
insulating phase (L = 10, U ′ = 20, J = −0, 5) is shown. The
spin structure factor is defined as Sν(q) = 1/3N
2
s
∑
i,j
〈Siν ·
Sjν〉e
iq·(ri−rj), where Si = 1/2
∑
σ,σ′
c†i,σσσ,σ′ci,σ′ and σ de-
notes the Pauli matrices. (b) Inter-orbital Coulomb interac-
tion U ′ dependence of the orbital occupation nν and orbital-
dependent doublon densityDν (J = −0.5 and L = 10). In the
superconducting phase, the doublon density does not depend
on orbitals while this symmetry is broken in the insulating
phase.
hand, we note that IHRC is required to keep a value
comparable to the ab initio value ∼ 0.5F3 to stabilize
the superconductivity even for the present model on the
two-dimensional triangular lattice.
To further examine the nature of the insulating phase,
we show the orbital occupancies and orbital-dependent
doublon densities as a function of U ′ in Fig. 2(b),
which are defined as nν = 1/Ns
∑
i,σ niνσ and Dν =
1/Ns
∑
i,σ niν↑niν↓. Dν shows orbital differentiation and
thus the orbital symmetry breaking in the insulating
phase.
In this orbital-differentiated Mott insulator, two or-
bitals are disordered and the antiferromagnetic order ex-
ists only in one orbital with the small doublon density
[see the inset in Fig. 2(a) and S. 3 in [21]]. Because
ν = 0 orbital has larger transfer in [01] direction (F4)
compared with ν = 2 orbital, short range antiferromag-
netic correlation is induced by the proximity effect of
the antiferromagnetic order in ν = 1 orbital [see S. 4 in
[21]]. This short-range antiferromagnetic correlation in-
duces the small but finite differences in Dν between the
disordered orbitals (ν = 0 and ν = 2).
We further note that a genuine orbital-differentiated
Mott insulator without any spin symmetry breaking ex-
ists as a low-energy excited state and it’s energy rela-
tive to the antiferromagnetic ground state is very small
(∼ 0.04F3) (see [21], S.5). This near degeneracy of the
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FIG. 3: (color online). (a) Doping dependence of the chemical
potential in the three models at J = −0.5 and U ′ = 10. In
the two-orbital model, the charge gap opens. Smooth doping
dependences of µ in the F3 model and the full model are
evidence of the absence of the insulator at half filling, which
turns out to be the superconducting state in (b). (b) Doping
dependence of the averaged superconducting correlations in
the three models atJ = −0.5 and U ′ = 10.
magnetically ordered and disordered states is consistent
with the experimental results where the antiferromag-
netic transition occurs at a very low temperature for
fcc-Cs3C60 (TN ∼ 2K) [12]; its ordered moment is con-
siderably small and it was suggested that antiferromag-
netic phase coexists with the magnetically disordered
phase [32]. We will discuss the nature of the orbital-
differentiated Mott insulator later.
Next, to capture the essence of the superconductiv-
ity and the insulating phase found in the full model, we
study a simplified model. One characteristic feature of
the transfer matrices in the full model is that the direc-
tions of the largest hopping F3 depend on the orbitals.
If we consider only the largest hopping F3, the three or-
bitals form three chains as shown in Fig. 1(a). In this
model, if one maps the triangular lattice to the square
lattice with the diagonal hopping in one direction [11],
each orbital has hopping only in either [10], [01], or [11]
directions, depending on the orbitals. Electrons on dif-
ferent chains interact only at the same site through U ,
U ′, and J terms. We call this simplified model the F3
model.
To reveal the multi-orbital effects on the superconduc-
tivity, we also consider a two-orbital model on the square
lattice analogously to the F3 model. In the two-orbital
model, the orbital 0 (1) has hopping only in the [10] ([01])
direction. The F3 and two orbital models have some re-
semblance to the Kitaev model [33] in the sense that they
have orbital-dependent spatial anisotropy.
In the case of the two-orbital model, insulating charge
gap opens for any positive U ′ as shown in an example
in Fig. 3(a). The nature of the insulator is understood
as a doublon and a holon locally bound and resonating
in the form of Frenkel excitons at each site with the de-
generate two orbitals, while they do not break any trans-
lational symmetry, where charge/spin structure factors
do not have appreciable peaks (see [21], S.6). This lo-
cal configuration indeed does not have energy loss of
the interorbital Coulomb interaction U ′. Therefore, the
ground state of the two-orbital model is interpreted as an
excitonic insulator phase without any spatial symmetry
breaking and stabilized by electron (originally including
electron-phonon) correlations where the orbitals of dou-
bly occupied (doublon) and empty (holon) orbitals do
not spatially order, but is represented by the linear com-
bination |d1h2〉 ± |d2h1〉 at each site, where for instance
d1(h2) expresses the doublon (holon) at the orbital 1 (2).
By doping carriers into the excitonic (bosonic) Mott in-
sulator, the superconducting phase immediately appears
as shown in Fig. 3(b), where doublons (local Cooper pair)
condense. Although the local Cooper pair is already
formed at half filling, it is frozen.
Discussion and Summary.– In the three-orbital models
(full and F3 models), because the three electrons occupy
a site at half filling at large U and U ′, an exciton (one
doublon and one holon) formation leaves one electron un-
paired at the third orbital. This introduces much larger
charge fluctuations than the two-orbital model. We find
that this charge fluctuation easily causes charge melting
of the excitonic Mott insulator phase found in the two-
orbital model and the superconductivity appears even at
half filling.
If the local repulsions U and U ′ become sufficiently
strong, in the full model, one unpaired orbital finally be-
comes the antiferromagnetic Mott insulator and other or-
bitals with Frenkel exciton forms an excitonic insulator
similarly to the two orbital model. This phase may be
called an orbital-differentiated Mott insulator. A similar
phase in a three-orbital model was discussed before [34].
In the three-orbital model, a disordered state exists as
a low-energy excited state in the strong coupling region,
where spin order is absent. Since the averaged electron
filling per unit cell is odd (three), this spin-disordered
state is a genuine Mott insulator, which is not adiabat-
ically connected to the band insulator. In other words,
this phase is a promising candidate of quantum spin liq-
uid if its energy can be lowered below the antiferromag-
netic state and further detailed study of tuning is an
intriguing issue but left for future studies.
A3C60 forms a fcc or A15 structure instead of the 2D
lattice considered here. We expect that the essential
physics is the same because each bond has basically only
one dominant diagonal hopping F3 and the same exci-
tonic Mott insulator is likely located nearby. Detailed
study on the real lattice structure is an important future
issue.
In summary, for the two-dimensional version of the
ab initio Hamiltonian (full model) for the alkaline doped
fullerene, we have found that the isotropic s-wave super-
conducting phase becomes the ground state in the re-
alistic parameter region. In stronger coupling region, a
5superconductor-insulator phase transition occurs, where
the insulating phase is interpreted as an orbital differen-
tiated Mott insulator consisting of a two-orbital excitonic
Mott insulator and a one-orbital antiferromagnetic insu-
lator. The antiferromagnetic insulator in the third orbital
is nearly degenerate with the spin-liquid phase. To ex-
tract the essence, we have also analyzed simple three- and
two-orbital models, consisting of network of chains with
orbital-dependent anisotropic transfer. The comparison
of the two- and three-orbital models suggests that the
melting of the excitonic insulator by the carrier doping
or by introducing the third frustrating orbital stabilize
isotropic s-wave superconductivity. Although the origin
of the superconductivity is ascribed to the strong attrac-
tive force arising from the IHRC, the attractive force gen-
erally induces the insulating phase at half filling. To melt
the insulator at half filling, the odd number of orbitals is
helpful. Our study on the multi-orbital systems with the
IHRC shows a new route to obtain stable superconduc-
tors as well as a quantum spin liquid in the systems with
the IHRCs.
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6Supplemental Materials
S.1 PAIR HOPPING Jpair AND EXCHANGE
INTERACTION Jex DEPENDENCE OF THE
SUPERCONDUCTING CORRELATIONS
In the main text, we show that the superconducting
correlations are mainly governed by the IHRC. The IHRC
consists of two parts, i.e., the exchange Hund’s rule cou-
pling Jex, and the pair hopping term Jpair in Eq. (1). As
shown in Fig.S 1, we show that superconducting correla-
tions are largely suppressed by decreasing the amplitude
of the pair hopping terms and it becomes nearly zero for
Jpair = 0. In contrast to that, Jex does not alter the
superconducting correlations. This result clearly shows
that the pair hopping is the crucial interaction for the su-
perconductivity. We note that the previous studies with
DMFT for similar multi-orbital systems claims that su-
perconductivity appears without pair hoppings [34, 35].
In the light of our result, these results should be reex-
amined whether they are artifacts of the DMFT because
the DMFT generally overestimate the superconductivity
due to its mean-field nature.
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Fig. S 1: (color online) Pair hopping Jpair and exchange in-
teraction Jex dependences of the superconducting correlations
for U ′ = 10, U = 9, and L = 10. We note that the relation
U = U ′ + 2J is not satisfied in this calculation.
S.2 DOPING DEPENDENCE OF THE
ORBITAL-DEPENDENT DOUBLON DENSITIES
Dν
We show the doping dependence of the orbital-
dependent doublon densities Dν in Fig.S 2. Around
half filling, the spontaneous symmetry breaking of or-
bital still exists and it vanishes at large doping region,
where the superconducting phase becomes stable. A first-
order phase transition between the excitonic phase with
orbital-differentiated doublons and the superconducting
phase occurs at finite doping. The doping dependence
of the chemical potential has kink structure as we men-
tioned in the main text.
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ν = 0
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D ν
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Fig. S 2: (color online) Doping dependence of Dν for U
′ =
20, J = −0.5, and L = 10. Shaded region shows the phase
separation determined from the Maxwell’s construction [see
main text and caption in Fig.S 1(d)].
7S.3 SIZE DEPENDENCE OF THE SPIN
STRUCTURE FACTORS IN THE FULL MODEL
In Fig.S 3, we show the spin structure factors in the
strong coupling region for several different systems sizes.
For small system sizes (L = 6, 8), we find that the spin
structure factors have peak at q = (pi, pi) while they
have peak at q = (0, pi), (pi, 0) in large system sizes
(L = 10, 12). Although it is hard to perform calcula-
tions for larger system sizes, it is plausible that stripe
magnetic order (qpeak = (0, pi), (pi, 0)) becomes stable in
the thermodynamic limit.
The size extrapolation of the spin structure factors
is shown in Fig.S 4. Although the positions of the
Bragg peaks depend on the system sizes, the size de-
pendence of the peak value is smooth. We estimate
the thermodynamic value of the spin structure factors
as S1(qpeak) = 0.041(4).
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Fig. S 3: (color online) Spin structure factors for several
different system sizes (a)L = 6, (b)L = 8, (c)L = 10, and
(d)L = 12. We take U ′ = 20 and J = −0.5.
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Fig. S 4: (color online) Size extrapolation of the spin struc-
ture factor.
8S.4 SHORT-RANGE ANTIFERROMAGNETIC
CORRELATIONS OF DISORDERS ORBITALS IN
THE FULL MODEL
In Fig.S 5, we show how the antiferromagnetic order
in ν = 1 orbital affects the spin structure factors on the
other disordered orbitals ν = 0 and ν = 2. Because
ν = 0 orbital has relatively larger hopping in [01] direc-
tion compared to ν = 2 orbital, ν = 0 orbital is largely
affected by the antiferromagnetic order and shows short-
range antiferromagnetic order as shown in Fig.S 5(a).
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Fig. S 5: (color online) Spin structure factors [(a)ν = 0 and
(b)ν = 2] for U ′ = 20, J = −0.5, and L = 10.
9S.5 LOW-ENERGY EXCITED STATE IN THE
FULL MODEL
Here, we mention the low-energy excited state in the
insulating phase of the full model. For L = 8, the low-
energy excited state without spin/charge order. The spin
and charge structure factors are shown in Fig.S 6. The
charge structure factors is defined as
Nν(q) =
1
N2s
∑
i,j
niνnjνe
iq(ri−rj). (S.1)
We do not find any significant peaks in the spin and
charge structure factors. Its energy per site is Eexc =
58.645(1) (energy unit is F3 ∼ 372K) while the ground
state energy is Eg = 58.599(2). The energy difference
∆E is given by ∆E ∼ 0.04 ∼ 15K. This nearly de-
generate state may make the Neel temperature low and
induce the peculiar coexistence of the magnetic order and
the disordered state observed in experiment [32].
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Fig. S 6: (color online) Spin structure factors [(a)ν = 0,
(b)ν = 1, and (c)ν = 2] and charge structure factors [(d)ν =
0, (e)ν = 1, and (f)ν = 2] in the low-energy excited state of
the full model for U ′ = 20, J = −0.5, and L = 8.
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S.6 SPIN AND CHARGE STRUCTURE FACTORS
IN THE TWO-ORBITAL MODEL
The spin and charge structure factors are shown in
Fig.S 7. We do not find any significant peak in the
structure factors. We note that orbital differentiation
of doublons does not occur in the two-orbital model, i.e.,
D0 = 0.487(7) and D1 = 0.487(4) for the same parame-
ters in Fig.S 7.
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Fig. S 7: (color online) Spin structure factors [(a)ν = 0 and
(b)ν = 1] and charge structure factors [(c)ν = 0 and (d)ν = 1]
in the two-orbital model for U ′ = 10, J = −0.5 and L = 12.
